Spacecraft at geosynchronous altitudes have been observed to charge to potentials of many kilovolts. Anomalous behavior of spacecraft systems are believed to have resulted from discharges associated with these charging events. Experiments in modifying spacecraft charge have been conducted with ion and electron emitters on the ATS-5, ATS-6 and SCATHA spacecraft. The experiments have been successful in discharging highly charged spacecraft, in reducing the amount of differential charging on spacecraft surfaces, and in inducing charging on otherwise uncharged or nominally charged spacecraft. Regulation of vehicle charge allows better measurements of the plasma environment and should reduce anomalous spacecraft behavior.
Introduction
A considerable amount of evidence has been accumulating over the last few years that anomalous behavior of spacecraft instrumentation is associated with electrostatic charging of space-craft i. Charging effects appear to be particularly severe at synchronous orbit. Because of the importance of the synchronous altitude for a wide variety of spacecraft missions, this phenomenon has become a matter of concern to the aerospace community. For example, McPherson et a12 have shown that the occurrence of anomalies in synchronous space-craft behavior correlates with local time and is most likely between local midnight and 0600. Reasoner et a13 have shown that charging events on ATS-6 where the spacecraft potential goes more negative than -50 volts has the same correlation with local time. The failure of an entire Air Force satellite has been attributed to a space-craft charging event.
As a result of this concern over anomalous behavior of satellites at geosynchronous altitude, a joint technology program was initiated between NASA and the Air Force to study environmental charging phenomena. The SCATHA spacecraft was designed to study charging effects and was successfully launched in January, 1979 . Until the SCATHA data became available, the ATS-5 and ATS-6 satellites were the only spacecraft which could provide detailed data on charging effects at synchronous orbit. Both NASA and the Department of Defense have expressed great interest in studying the data now available from these satellites and also in performing active experiments on spacecraft charging.
Large spacecraft potentials have been observed on both ATS-5 and ATS-6. The largest potentials have occurred during eclipse conditions when photo-electrons are no longer emitted by the spacecraft, and during magnetic storms when the cool ambient plasma has disappeared. The largest potential observed so far was -19,000 volts on ATS-6 during an eclipse, but potentials as large as -2,200 volts have been observed in sunlight.
The recent analysis of low energy particle data on ATS-6 has shown that the local potential distribution about the satellite is dominated by the presence of differential charging of the spacecraft4,5. Different portions of the space-craft surface which are insulated from the main body can charge to very different potentials be-cause of shadowing effects, anisotropic particle distributions, and non-homogeneous surface properties. As a result, large electrostatic fields can exist in the spacecraft vicinity. Possible consequences could be discharges across surfaces with associated material damage and electromagnetic interference. The UCSD experiment on ATS-6 has observed large spikes of accelerated electrons whose origin has been definitely traced to differentially charged portions of the spacecraft.
The purpose of this paper is to describe some of the results of experiments on the ATS-5 and ATS-6 satellites in modifying spacecraft charging. Examples are presented of a successful discharge of a highly charged vehicle, significant reduction of differential charging, and induced charging of a nominally charged vehicle.
The ATS-5 and ATS-6 Spacecraft and Experiments
Applied Technology Satellites 5 and 6 are both in geo-synchronous orbits, and carry particle detectors capable of measuring electron and proton fluxes as functions of energy and time (also angle on ATS-6). The spacecraft and detectors are compared in Table 1 . There is a major qualitative difference between the two spacecraft in that ATS-5 is basically a homogeneous cylinder, while ATS-6 is a large umbrella-like structure with widely varying materials. See Figures 1 and 2.
Both spacecraft carry cesium ion thrusters. The thruster on ATS-6 was operated several times in 1974, and some results from these operations will be presented. More importantly for purposes of electrostatic control, each thruster carries a separate neutralizer. On ATS-5, this consists of a hot wire filament operating at less than 10 volts. The ATS-6 neutralizer is a small plasma bridge which emits a low energy (4 10 volts) cesium plasma. Figures 3 and 4 display the two ion engines. A convenient format for presentation of the particle data from the UCSD instruments is the spectrogram (Figs. 5 and 7) . The spectrogram provides a visual display of particle count-rate as a function of time and energy (and direction where applicable), permitting rapid qualitative analysis of the data. The particle count-rates are indicated by the intensity of the gray scale, with a whiter shade corresponding to higher counts. Time is indicated on the horizontal axis, and energy on a logarithmic scale on the vertical axis, with the energy scale inverted for the ions. The UCSD experiment on ATS-6 consists of five particle detectors: the first four are two pairs of detectors which can rotate in direction, the fifth is a fixed detector of positively charged particles. Each pair consists of one detector for positive and one for negative particles which rotate together through 220° in about 2.6 min, the first pair in a plane displaced 13° from the north-south plane, and the second in a plane displaced similarly from the east-west plane. Each detector is differential in both energy and angle: there are 64 energy steps spaced logarithmically from less than one eV to 81 keV with an energy resolution AE/E at each step of approximately 20%. The experi6mwnt has been described in more detail elsewhere'''.
The UCSD experiment on ATS-5 consists of two pairs of ion detectors similar to those on ATS-6 except that the energy range is from 50 eV to 50 keV. In addition, the detectors are fixed in the (spinning) spacecraft reference frame. One pair is oriented parallel to the spacecraft spin axis and the other is oriented perpendicular to the axis. More details about the instrument are contained in a paper by DeForest and Mcllwain 8 .
Discharging a Highly Charged Vehicle
When a spacecraft goes into eclipse, the loss of the photoelectron current changes the balance of currents to the spacecraft. It is common for the spacecraft to be at an equilibrium potential of a few volts negative in an eclipse if the plasma environment is not too hot. However, if the environmental plasma is energetic, as in the aftermath of a geomagnetic substorm, the space-craft potential can reach several kilovolts. Figure 5 shows a spectrogram for such an event on April 8, 1977 for ATS-6. The potential of the spacecraft can be inferred from the absence of ions up to an energy corresponding to the vehicle potential. Any low energy ions in the environment are accelerated to the spacecraft and give a relatively high peak in the counting rate at this equivalent energy. Prior to eclipse, the spacecraft was at about -500 volts. Upon entering eclipse (at 9:05) it charges to about -8 kV. When the neutralizer associated with the ion thruster begins supplying electrons at 9:12 the spacecraft discharges quickly to not more than a few hundred volts negative. At 9:30 the neutralizer is turned off, and the spacecraft promptly charges back up again. Figure 6 shows the spacecraft potential, the neutralizer probe voltage and the solar array bus current during this operation.
Fig. 6 ATS-6 Neutralizer/Eclipse Operation
The array current is a function of the solar array illumination and is a useful indicator of transitions into and out of eclipse. The neutralizer is on prior to entering eclipse but electrons are not emitted copiously until a warm-up time has elapsed. Ignition of the neutralizer into the so-called plume mode occurs at 9:12. The break in the neutralizer voltage curve at 9:22 occurs when the emitter enters spot mode. This operation and others under similar conditions show that the plasma bridge neutralizer is capable of discharging kilovolt spacecraft potentials.
Reduction of Differential Charging
Effects of operating the ion engine on ATS-6 on October 19, 1974, are shown in the spectrogram of Figure 7 and also in Figures 8  and 9 . The engine ignited in the latter stages of a substorm. The spacecraft was charged to -50 volts, accompanied by a differential charging barrier of about 90 volts. These effects can be seen in Figure 7 , which shows the ignitions of the neutralizer and thruster. These transitions are at 7:44 and 8:05 respectively. The shorter time period of the spectrogram emphasizes the angular variations in the spectra. The effects of differential charging before the engine ignites can be seen in the low energy band of electrons in the top half of the spectrogram. The sharp transition at low energies is the signature of this effect. It implies that some surface of the spacecraft is at least 100 volts negative with respect to the satellite mainframe and our instrument. Electrons emitted from spacecraft surfaces are reflected back to the spacecraft and seen by the UCSD instrument. The potential of the mainframe is plotted in Figure 8 . The spacecraft potential was inferred from the first (lowest) energy channel of the detector containing an appreciable number of ions. We have assumed that we are not seeing any cesium ions from the engine. To add consistency to the data most of the data points were taken with the detector at 900, which corresponds to looking straight out from the spacecraft. The detector was not pointed at 900 during the ignition of the neuralizer at 7:40 so two data points taken at 1700 were included. It can be seen that the neutralizer quickly brings the spacecraft within a few volts of the ambient plasma. Uncertainties in the space-craft potential are largely due to a lack of low energy particles at 900 thus making most of the points between 7:40 and 8:05 an upper bound on the magnitude of the potential. The potential leveled off at about -4 or -5 volts when the thruster stabilized.
The potential barrier around the spacecraft also varies during the operation. The value plotted in Figure 9 is the energy of the transition from high to low electron counts. The error bars are basically plus or minus one energy channel. When the neutralizer ignites at 7:40 there is a sharp drop in this energy but it does not reach zero. The thruster comes on at 8:05, and by 8:10 the differential charging signature is gone. This behaviour could be explained by the need of negatively charged insulators for an extra ion source to discharge them. The neutralizer is not putting out enough ions to do the job. The thruster provides a source of charge exchange ions which could be diffusing around the spacecraft, drawn by the local fields.
This ignition process showed that a plasma bridge neutralizer is capable of discharging a negative satellite. The spacecraft attains an equilibrium potential of a few volts negative. This is effectively the coupling potential between the spacecraft (via the neutralizer probe) and the ion beam. Differential charging is reduced by the neutralizer but is not completely eliminated until the thruster has been on for 3-5 minutes. 
Induced Charging of ATS-5
It was originally intended that the ATS-5 spacecraft be gravity gradient stablized. However, because of a faulty orbit injection ATS-5 is spinning at about 100 rpm. This produces such high centrifugal forces that it is impossible to control the flow of propellant to the ion thruster in the normal manner. The result, unfortunately, is that the thruster can be operated only for very short periods (-a few minutes) on a short duty cycle. In addition, because of the thruster control logic, non-neutralized operation may be obtained only during the cooling down of the ionizer. During this period no thruster telemetry is available. This intermittent mode of operation requires many ground commands and therefore was very expensive. Only two short periods of simultaneous accelerator and particle data have been taken. The first was on July 20, 1972, during the initial testing of the accelerator. Several normal turn-ons were recorded as well as one good example of nonneutralized operation. Figure 10 shows two ion counting rate scans from the UCSD detector parallel to the spin axis. One scan was before the ion engine operation and one was during the operation. The ion thruster was turned on for about one minute in a non-neutralized mode with approximately 160 pa of initial beam current. The ion beam emitted by the thruster is accelerated to a kinetic energy of 3 keV. High ion counts were observed by the UCSD detector at energies in the range from about one to three keV. The interpretation of the data is that the spacecraft charged up to the negative accelerating potential, repelling lower energy electrons (not shown) and attracting an excess of positive particles to the detectors.
The observed excess of low energy positive particles could be environmental protons that have been accelerated by the spacecraft potential, or they could be cesium ions from the ion thruster that have returned to the spacecraft. In either case, the spacecraft must be charged to a significant negative potential, on the order of the beam energy. The spread of ion counts over a range of energies during this event is probably at least partially due to fluctuations in the ion emission due to intermittent operation. As a result, the spacecraft potential is probably also varying rapidly during the event.
Conclusions
Other studies with ATS-5 have shown that electron emission from the neutralizer filament is an effective means of modifying the potential of a negatively charged satellite, but it does not always reduce the potential to zero potential with respect to the ambient plasma.
Operation of the ion engine on ATS-6 has shown that it seems to dominate all other particle sources, bringing the spacecraft within a few volts of ground and holding it there. Experiments with the smaller plasma bridge (the neutralizer) on ATS-6 in general show that it also is able to hold the spacecraft potential near zero during eclipse passages. However, the neutralizer is not as efficient as the ion engine in reducing differential charging.
The ability to maintain a constant and low potential on the spacecraft under varying environmental conditions is particularly useful for obtaining and interpreting data on low energy particles in the environment. It has been difficult to obtain accurate measurements in the magneto-sphere of charged particles in the energy range from 0 up to a few tens of electron-volts because of the interference effects of spacecraft charge. Frequently when the particle emitters have been operated on ATS-6, the low energy ion population appears in the data, whereas before the operation it was repelled by a positively charged vehicle.
